There has been increasing interest in using nanobubbles (NBs) for ultrasound mediated drug delivery as well as for ultrasound imaging. Albumin NBs are especially attractive for its potential of becoming a versatile platform for drug carriers and molecular targeted therapy agents. However, physical characterization of NBs is generally considered to be difficult due to various technical issues, such as concentration limitations, nanoparticle contamination, etc. In the present study, we measured the size distribution, concentration and weight density of albumin stabilized NBs by means of multiple nanoscale measurement modalities. Laser nanoparticle tracking analysis, multicolor flow cytometry, resonance mass evaluation showed consistent measurement results of the NBs with low mass weight density and diameter size ranging from 100 nm to 400 nm. Furthermore, the NB solution showed excellent images by high frequency ultrasound (30-50 MHz) in flow model acoustic phantoms. The NBs also induced acute cell disruption by low intensity ultrasound (0.8 W/cm 2 ) irradiation. We successfully fabricated and characterized albumin stabilized NBs which could serve as an effective platform for future theranositic agents.
Introduction
Application of microbubbles is a promising strategy for ultrasound mediated drug delivery as well as for ultrasound imaging [1, 2, 3, 4, 5] . Recent experiments have demonstrated opening of the blood-brain barrier using focused ultrasound in the presence of lipid-based microbubbles. Bubble collapse or oscillation is said to be essential in inducing this phenomenon [6, 7] . Albumin-based bubbles are also attractive for its multiple beneficial features such as, non-antigenicity, biodegradability, easy preparation, biocompatible, and nontoxicity. Additionally, albumin has a potential of becoming a versatile platform for many types of molecular targeted therapy agents bounded by ionic interaction, or dispersing in the albumin particle matrix [8, 9] . Various biomolecules such as antibodies can be conjugated onto the surface of albumin to offer active targeted diagnosis or treatment of cancers.
We recently reported on the cavitation-threshold and rheological parameters of albumin stabilized bubbles in the nanoscale range [10] . It was suggested that these nanobubbles (NBs) could be used as efficient cavitation nuclei with low intensity ultrasound. In theory, nanoscale gas-filled bubbles, sometimes referred as ultra-fine bubbles, have greater potential for being used as a contrast enhanced ultrasound imaging agent as well as for enhancing drug penetration into various tissue with cavitation [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] . Nanoscale bubbles may provide increased intracellular drug delivery by the so-called enhanced permeability and retention (EPR) effect [22, 23, 24, 25] , and possible release and/or accumulate of bubbles in the local targeted region, thus enhancing action by addition of ultrasound energy to kill or disrupt cancer cells near the NBs [26, 27, 28, 29, 30, 31] . In spite of these high expectations, research has often been hampered due to the fact that nanobubbles are notoriously difficult to observe and analyze [32] . Differentiating between nanoparticles and nanobubbles is a crucial factor when discussing its application for ultrasound imaging and drug delivery. In order to overcome this key scientific question, a new system was introduced in the present study to accurately measure and characterize albumin stabilized NBs from various aspects. We evaluated the physical properties of these NBs in great detail by combining the following multiple nanoscale measurement modalities; laser nanoparticle tracking analysis, multicolor flow cytometry, resonance mass measurement and high frequency ultrasound imaging. In addition, for the purpose of evaluating the effect of NBs to living cells, in vitro cell disruption experiments were conducted by therapeutic ultrasound in the presence of our fabricated albumin stabilized NBs.
Materials and methods

Preparation of nanobubbles
The human serum albumin NBs were fabricated by high speed agitation method. The agitation device was originally designed as a shaker type tissue homogenizer that provides a 3 dimensional multidirectional motion to a fluid container (Precellys Evolution; Bertin Instruments, France). Two materials (liquid and gas) were placed within a custom made container and agitated at high speeds with this homogenizer device. Briefly, a 700 μl sterile solution of 0.25% human serum albumin (fraction V, purity 96%; Aventis Behring L.L.C., IL, USA) in phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2 PO4, pH 7.4; Cosmo Bio Co., Tokyo, Japan) was added in an air filled 2 ml plastic tube shaped container (height; 30 mm, external diameter; 10 mm). After air tight sealing, the air within the container was replaced with 1 mL of perfluoropropane (C3F8; Takachiho Chemical Industrial Co., Tokyo, Japan) gas using a 23-gauge needle inserted through a small 1 mm hole on the customized 3D printer manufactured cap sealing the container. A silicon sheet (1mm thick) was placed between the cap and the container to prevent air leak. All procedures were carried out within a clean bench to avoid nanoparticle contamination. The container filled with albumin included PBS solution and C3F8 gas was then placed within the previously described homogenizer device. A total of 6 phases of high-speed shaking were performed under the following conditions; 6500 rpm, 10 sec duration, 20 sec pause between each shaking phase. To extract uniform sized NBs from the agitated solution, the containers were centrifuged (MX-301; TOMY, Tokyo, Japan) at 100 g for 5 minutes to separate all microbubbles and the NBs. The NBs included solution was then preserved in a 4 C condition until measument. Fig. 1 shows the schema of the albumin nanobubble fabrication procedure.
Nanoparticle tracking analysis
The particle size of albumin NBs was measured by nanoparticle tracking analysis (NTA) device (NanoSight LM10; Malvern Instruments Ltd, Worcestershire, UK). The nanoparticle suspension was illuminated by a 638nm wave length red laser. The nanoparticle movement was visualized by light scattering and the Brownian motion recorded by a CCD camera (C11440-50B; Hamamatsu Photonics K.K., Shizuoka, Japan). This system automatically detects the center position of nanoparticles and tracks each particle motion in a two-dimensional plane for later calculation of the average moving distance under Brownian motion. The image of particle movement under Brownian motion was recorded for 60 sec at room temperature. The range of particle size measurement of NTA method was adjusted from 10 nm to 1000 nm. The particle size was estimated by the average moving distance to the Stokes-Einstein equation. The NBs suspension of 0.5 mL was injected to the sample measurement chamber of the Nanosight system with a 1.0 mL volume plastic syringe (Terumo Co., Tokyo, Japan). Sample image capturing and data analysis were performed using the application software (NTA 3.2 Dev Build 3.2.16). All experiments were performed independently for each sample. Particle size was presented as a mean and mode AE standard error of the average of 3 measurements.
Flow cytometric analysis
The size and number of albumin NBs were measured by a flow cytometer (CytoFLEX; Beckman Coulter, CA, USA). The flow cytometer was equipped with a 405 nm (violet) laser to detect the particles. The flow cytometer was set up to measure the Side Scatter (SS) from the violet laser for enhanced nanoparticle detection. The Violet-SS signal resolution for particle detection was less than 200 nm. Superior resolution can be obtained with SS than the Forward Scatter (FS) signal and is suitable for measurement of small particles (e.g. nanoscale particles). In order to relate Violet-SS to a particle size, we calibrated the flow cytometer with beads of known size [33, 34] . The polystyrene standard beads (200, 350, and 800 nm; qNano Calibration Particles; Izon Science Ltd, Christchurch, New Zealand, 500 and 1000 nm; Archimedes Standard polystyrene beads; Malvern Instruments Ltd, Worcestershire, UK) was suspended in ultrapure water and measured beforehand with the flow cytometer. The acquired Violet-SS signals of albumin NBs were then analyzed by CytExpert analysis software version 2.0 (Beckman Coulter, CA, USA). A gate was created based on the size of standard beads in the range from 200 nm to 1000 nm for determining the size of our fabricated albumin NBs.
Resonance mass measurement
The particle mass of albumin NBs were measured by Resonance Mass Measurement (RMM) System (Archimedes; Malvern Instruments Ltd, Worcestershire, UK). The RMM is employed such that the sample solution is passed through a microfluidic flow channel inside a cantilever. Particles that pass through the microfluidic flow channel were detected due to a momentary shift in the resonant frequency of the cantilever associated with the change in mass caused by the passage of a particle of differing density than the solution. The direction of the frequency shift clearly distinguishes particles that have positive buoyancy or negative buoyancy [35, 36] . The resonator in the Archimedes Hi-Q nano sensor (Malvern Instruments Ltd, Worcestershire, UK) with internal microfluidic flow channel dimensions of 2 Â 2 μm 2 was used in our experiments. For all measurements, the limit of detection, or a threshold of 0.01 Hz was manually selected based on observed baseline noise in control samples of PBS solution. The NBs suspension was supplied to the Hi-Q nanosensor and the measurement was continued for 20 min at room temperature. The buoyant mass was calculated from the transitory resonant frequency shift by using Particle Lab Software version 1.9.81 (Malvern Instruments Ltd, Worcestershire, UK).
In vitro ultrasound image characterization
Flow phantoms ( Fig. 2A and B Polymers, CA, USA) were used as a blood vessel-mimicking tube. This flow vessel was placed into ultrasound gel pad container. Two outer cylinder needles of 18-gauge indwelling needles (tube connector) were inserted into the lumen at either end of flow vessel and fixed at either end of tube. By connecting the PTFE tube (outer diameter: 1.6 mm, inner diameter: 0.5 mm, ISIS Co, Osaka, Japan) to the tube connector, the albumin NBs suspension described previously (0.25% human serum albumin) was supplied into a flow vessel at a constant speed rate of 0.3 ml/ min by a syringe injection pump (YSP-201; YMC Ltd, Kyoto, Japan). Acoustic evaluation of NBs were performed by a high resolution ultrasound imaging system (Prospect; S-sharp Co, New Taipei city, Taiwan) with a single element mechanical scan probe (PB-406: S-sharp Co, New Taipei city, Taiwan) which had a center frequency of 40 MHz for capturing the images of the albumin NB contrast agent. The ultrasound probe was placed and fixed on the top surface of flow phantom with ultrasound transmission gel (AQUASONIC® 100, Parker labs, NJ, USA) between the probe and phantom. An acoustic absorber was placed beneath the phantom (HAM A; National Physical Laboratory, Middlesex, UK) to eliminate reflection and acoustic artifacts. Ultrasound B-mode images of the ultrasound flow phantom were acquired with the ultrasound probe operated at the frequencies ranging from 30 MHz to 50 MHz, transmission power of 35.5%, frame rate of 5 fps, cycle of 3, dynamic range of 60 dB and gain of 14 dB. Enhanced signal intensities as a function of time in the lumen of the flow vessel was obtained in the B mode images.
Cell culture
Oral squamous carcinoma cell line HSC-2 was purchased from JCRB (Japanese Collection of Research Bioresources) cell bank and cultured in Minimum Essential Medium (MEM; Nacalai Tesque, Kyoto, Osaka, Japan) with 10% Fetal Bovine Serum (Invitrogen Co., Tokyo, Japan). Cells were maintained at 37.0 C in humidified air with 5% CO 2 . HSC-2 cells collected by trypsin-EDTA (Gibco, NY, USA) were washed and maintained in fresh medium immediately before each sonication experiment. On the day of experiment, cells were collected and centrifuged at 100 g for 5 min. Cell line were free of viral pathogens with initial viability of more than 99% before use in the actual experiments.
Cell viability measurement
The number of viable HSC-2 cells was measured immediately after all treatments using a trypan blue dye exclusion method. The cell suspensions were mixed with an equal volume of trypan blue stain (0.4%). We considered that both dead and dying cells stained with trypan blue are nonviable, and that the cells not stained with trypan blue as viable. The number of viable cells was counted with a fully automated cell counter (Automated cell counter TC20; BioRad, CA, USA) that uses multi-focal plane imaging analysis for live/dead cells. The survival rate of treated cells was calculated as the ratio of the number of treated surviving cells to the number of non-treated surviving cells. Each treated cell survival rate data consisted of four repeated samples (n ¼ 4).
Therapeutic ultrasound apparatus and irradiation protocol
Cancer cell line HSC-2 was sonicated in culture multi-wells. The ultrasound condition and NBs concentration were based on experiments previously described [5, 37] . The ultrasound exposure system (Fig. 3) consists of 4 independent ultrasound generators (KTAC-4000; NepaGene, Chiba, Japan) and 4 unfocused 20mm-diameter ultrasound transducers (KP-S20; NepaGene, Chiba, Japan). The 24-well cell culture plate (Lumox® multiwell 24; SARSTEDT, Nümbrecht, Germany) was placed on the acoustic radiation surface of ultrasound transducers via ultrasound transmission gel (Aquasonic 100; Parker lab, NJ, USA). The plate bottom consists of a 50μm thick polystyrene acoustically transparent film described elsewhere [38] for sufficient ultrasound exposure. The ultrasound transducers were driven by different generators at the driving frequency of 1.0 MHz, burst rate of 10 Hz and duty ratio of 50%, and the ultrasound were generated simultaneously from the transducers. Ultrasound energy with 3 acoustic intensities I spta (spatial peak temporal average) of 0.8, 0.9 and 1.0 W/cm 2 (150 kPa, 160 kPa, 170 kPa, respectively) were exposed simultaneously to the 4 wells of the 24 well cell culture plate for 15 second. The 4 wells were sonicated in the same acoustic conditions by placing each of the multiple plates so that the wells of interest were perfectly centered above the 4 transducers. Thermal change near the transducer were monitored by a digital meter connected to one of the four transducers which showed reading below 25 C at all times. HSC-2 cells were re-suspended in fresh MEM medium with 10% FBS at a final concentration of 1Â10 6 cells/mL. 1.5 mL of cell suspension was added to the each well of the 24-well cell culture plate. 500 μL of NBs included solution was added to the cell suspension in each well. The total volume of both liquids (cell suspension and NBs) was 2 mL in each well.
After 5 minutes incubation, ultrasound was exposed to the mixture of HSC-2 cells and NBs. Ultrasound irradiation experiment consisted of three groups: non-treated control, ultrasound alone, albumin NBs combined with ultrasound. After ultrasound irradiation treatment, HSC-2 cells were collected immediately from each well of the 24-well cell culture plates. Trypan-blue dye exclusion test was performed immediately for measurement of cell survival rate.
Statistics
Measurement data were displayed as mean AE standard deviation (SD). Data was analyzed using unpaired t-test including Welch's correction. The statistical significant differences between various groups were analyzed using SPSS software (IBM, NY, USA). The probability value of p < 0.05 was considered statistically significant.
Results
Nanobubble characterization
The size distribution data of the albumin NBs obtained from NTA is shown in Fig. 4 . The mean size of control sample of the human serum albumin suspended in PBS solution was 187.6 AE 11.0 nm. The average albumin NB size was 259.4 AE 9.7 nm Fig. 5 shows the flow cytometry albumin NB measurement results. Violet-SS signal intensity histogram of the control sample of albumin alone solution and the albumin stabilized NBs are shown in Fig. 5A and B. The overlaid Violet-SS signal intensity histogram of albumin alone solution and albumin NB are shown in Fig. 5C . The number of albumin NBs and the control albumin having the same scattered Violet-SS signal intensity were correlated against standard known particles size ranging from 200 to 1000 nm. The albumin NBs showed a unimodal distribution and the number of albumin NBs at a relative size of 350 nm (modal diameter) was 2.4-fold greater than that at the relative size of 200 nm. The total number of albumin NBs in size from 200 to 1000 nm was approximately 2.5 Â 10 5 particles, which was approximately 20-fold compared with albumin included solution. Fig. 6 plots the buoyant mass distributions of albumin NBs obtained by the RMM system. Both the human serum albumin (particle density of 1.03 g/cc) and the albumin NBs (assuming particle density of 0.001 g/cc for air) have positive and negative buoyant masses in PBS (fluid density of 1.0 g/cc). Both mean buoyant mass and particle count of albumin NBs (5775 particles weighed with an average positive buoyant mass of -0.669 fg and 5862 particles weighed with an average negative buoyant mass of 0.671 fg) increased compared to the albumin alone included solutions (3487 particles weighed with an average positive buoyant mass of -0.635 fg and 2986 particles weighed with an average negative buoyant mass of 0.649 fg).
In vitro ultrasound imaging
Ultrasound imaging in a flow phantom was carried out in order to examine the echogenicity of the albumin NBs. Fig. 7A , B and C shows ultrasound images before injection of albumin NBs at driving frequency of 30 MHz, 40 MHz and 50 MHz, respectively. Flow vessel within ultrasound gel pad could be characterized by high frequency ultrasound imaging in the range from 30 to 50 MHz. Immediately after NB injection, NBs were detected as high echo area while enhancement was obtained within the flow vessel lumen by B-mode imaging (Fig. 7D, E and F) . The region of interest (ROI) was created within the flow vessel lumen. Time signal intensity curve (TIC) on the lumen of the flow vessel at various ultrasound driving frequencies are shown in Fig. 7G . Note that the gray scale intensity is subtracted from the initial value from after injection of albumin NBs. Gray scale intensity during the wash-in phase increased from baseline to peak intensity (PI) in approximately 400 frames. Immediately after washing with PBS, gray scale intensity during the wash-out phase decreased from PI to baseline. Several ultrasound perfusion parameters were derived from TIC: PI and the area under the curve (AUC) from parameters of relative blood volume and mean transit time (MTT). The time to peak intensity (TTP) was obtained from the parameter of blood flow velocity [39, 40] . Comparison of perfusion parameters for albumin NBs at various NBs concentrations were derived from TIC in the lumen of flow vessel summarized in Table 1 . It was observed that the PI and AUC value declined as with decreasing the NBs concentration between the range from 1/20 to 1/200.
Cell disruption by NBs under ultrasound irradiation
The effects of ultrasound alone and enhanced cell disruption by ultrasound in the presence of NBs at various irradiation intensities to HSC-2 cells are shown in Fig. 8 . The raw/processed data required to reproduce these findings cannot be shared at this time due to technical or time limitations.
Discussion
We successfully characterized the physical properties of albuminstabilized nanobubbles using various nanoscale measurement modalities. To our knowledge, this is the first evidence reported regarding detection and measurement of nanoscale human serum albumin gasfilled bubbles. The Resonance mass measurement (RMM) method that we used in the experiment allowed direct measurement of the absolute mass of the nanoparticles. Burg et al [35, 41] indicated that RMM could detect biomolecular (eg fetal bovine serum, IgG antibody) binding inside the microfluidic flow channel of cantilever by measuring resonance frequency shifts caused with the accumulation of nanoscale proteins. For example, they showed that the mass of suspended gold nanoparticles and of living bacteria were heavier than the buffer solution. A single yeast cell was directly measured and characterized during growth by reading Fig. 6 . Buoyant mass distributions of albumin nanobubbles measured by resonance mass measurement system. Control sample of human serum albumin alone included solution (solid line), and albumin stabilized NBs (dotted line). real-time changes in relative cell density via the direction of change in buoyant mass [42] . The resolution of the 8μm tail RMM used for their experiments was less than 3 fg. A range of 0.1%-2% of a yeast cell density change in a high-density resolution was detected throughout the cell cycle. Nejadnik et al [43] reported that RMM can quantitatively measure the adsorption of protein or antibody to the surface of suspended polystyrene beads which leads to increase in the buoyant mass. As to measurements of NBs, this method has been frequently applied for distinguishing whether the detected particles were a gas, or a solid contaminant [44] . Kobayashi have previously reported that NBs were distinguishable from dust particles (eg solid particles) by reading the direction of particle buoyancy. The dust particles had greater density than that of the liquid surrounding the particles. If particles are detected with a low specific gravity which has smaller density than that of the surrounding liquid, it can be considered as a typical "gas bubble". However, it must be taken into consideration that the presence of nanobubbles will attract nanoparticles at the gas/liquid interface due to the Pickering effect [45] . It is unlikely that the two are totally independent of each other.
In our results, the number of albumin NBs solution with positive buoyant particles which had lower density than PBS solution, increased by 1.7-fold compared to albumin alone included solution. Furthermore, our echography evaluations under physiologically relevant flow conditions suggests that the echogenic signals of the albumin NBs were detectable and sufficient for acoustic enhancement within small blood vessel-mimicking flow tube phantom at 40 MHz transmission frequency. Albumin NBs at various concentrations were individually characterized from the perfusion parameters derived from TIC analysis. As acoustics signals are very sensitive to the boundary between liquid and gas, we considered that both RMM and echography detected particles within the albumin solution were actually gas-filled bubbles and not dust particles. Calculations of the random Brownian movement from the nanoparticle tracking revealed individual particle size and concentration of the albumin NBs which were similarly predicted by flow cytometric analysis from the light scattering angle pattern of calibrated known particles sizes. The estimated NBs size detected in the suspension ranged from 100 to 400 nm. Particles of similar size were not detected in the control albumin solutions. The number of particles size less than 200 nm that can extravasate to the tumor tissues by EPR effect while avoiding the biological barriers, such as at the liver and the spleen, accounted for 30% of the total number of NBs. The size distribution of albumin NBs were well consistent with the two different NTA and flow cytometric analysis. As our albumin NBs were visualized with ultrasound imaging device, it could be suggested that NBs of this size and concentration are sufficient for possible application in visualizing specific tumor tissues and other organs. However, it should be noted that temperature and pressure change during the course of the experiments might alter the bubble size distribution and echo visibility.
We previously demonstrated that low intensity ultrasound irradiation in conjunction with cetuximab coated albumin microbubbles (MBs) selectively killed and induced apoptosis in EGFR-expressing oral squamous cell [5] . Whereas these MBs is a pure intravascular tracer that will not extravasate from the systemic circulation to the tumor tissues since they cannot cross the blood vessel wall. From the results of particle size and mass measurement as well as the echography study in present study, we postulate a portion of the NBs that were detected within the albumin solution may avoid the organ-level barriers, thus cross the blood vessel wall and efficiently reach tumor cells. However further in vivo studies are yet to be performed to come to conclusions.
The exact mechanisms in our cell experiments by which ultrasound specifically killed cancer cells in the presence of NBs are unknown. In recent reports, Adhikari et al [46] performed molecular dynamics simulations in order to understand the mechanism of membrane poration by NB collapse. One of many examples of their numerical stimulations, while in the presence of NB diameter of 60 nm, when the impulse of shock wave at velocity of 2 km/s passes the model membrane creates a negative pressure region on the membrane surface. At the same time, a positive pressure region appears by bubble collapse at the center of membrane. They indicated that unequal distribution of pressure induced from the large differences of 100 MPa between positive and negative pressure sufficiently form membrane pore with the radius of 15 nm. On the other hand, Arita et al [47] experimentally verified that expansion and collapse of cavitation generated by laser irradiated polystyrene nanoparticle (diameter of 500 nm) which optically trapped at distance of 10μm from cell adherent surface inducing the gene transfection followed by a large displacement on the adherent cells. It is suggested that a similar cell killing or disruption phenomenon occurred in our experiments using albumin NBs. Furthermore, we previously reported that similar sized albumin-stabilized NBs (100-250 nm) were sensitive to irradiated ultrasound and were excited easily to low acoustic pressure at frequency range from 3 to 5 MHz [10] . Inertial cavitation was observed by analyzing the noise emission from the albumin NBs where the level of scattered inertial cavitation noise was greater than that of conventional microbubble ultrasound contrast agent Sonazoid®. The present study is consistent with these results from the fact that high sensitivity of albumin NB cell disruption with low ultrasound intensity (less than 0.8 W/cm 2 ) was observed in our results. It is suggested that NB size ranging from 100 to 400 nm can induce membrane structural change by cavitation thus leading to increased cell killing or disruption of HSC-2 cells. Nevertheless, we demonstrated that our well characterized albumin NBs induced to an extent a biological effect in the presence of ultrasound.
Conclusion
We successfully characterized the size distribution, weight density and the concentration of our newly developed albumin stabilized NBs by 3 different nanoscale measurement modalities. Furthermore, the NBs were easily visualized with a 40MHz ultrasound imaging device. In addition, we demonstrated that low intensity ultrasound irradiation in conjunction with these NBs enhanced acute cancer cell disruption in vitro. We believe that albumin stabilized NB agents may become a very promising platform for both ultrasound contrast imaging and therapy.
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